As progress is made on thin-film synthesis of Heusler compounds, a more complete understanding of the surface will be required to control their properties, especially as functional heterostructures are explored. Here, the surface reconstructions of semiconducting half-Heusler NiTiSn(001), and Ni1+xTiSn(001) (x=0.0-1.0) are explored as a way to optimize growth conditions during molecular beam epitaxy. Density functional theory (DFT) calculations were carried out to guide the interpretation of the experimental results. For NiTiSn(001) a c(2x2) surface reconstruction was observed for Sn rich samples, while a (1x1) unreconstructed surface was observed for Ti-rich samples. A narrow range around 1:1:1 stoichiometry exhibited a (2x1) surface reconstruction. Electrical transport is used to relate the observed reflection high energy electron diffraction (RHEED) pattern during and after growth with carrier concentration and stoichiometry. Scanning tunneling microscopy and RHEED were used to examine surface reconstructions, the results of which are in good agreement with density functional calculations. Xray photoelectron spectroscopy was used to determine surface termination and stoichiometry. Atomic surface models are proposed, which suggest Sn-dimers form in reconstructed Ni1+xTiSn(001) half-Heusler surfaces (x<0.25) with a transition to Ni terminated surfaces for x > 0.25. * Corresponding email address: cpalmstrom@ece.ucsb.edu the unit cell as drawn would produce a (2×2) reconstruction, however in practice, the existence of disorder in the buckling of the dimers would produce observed (2×1). For fH-like surfaces, a (2×1) model reflecting the rows seen in STM is shown in Fig. 9(d) . Given the small height differences between rows, and the metallic nature of the phase, only slight displacements in the Ni atoms towards each other to break the symmetry are shown rather than dimer formation, and, as stated earlier, these features may be ultimately electronic in nature rather than structural given their magnitude.
Introduction
Heusler compounds, ternary compounds which span most of the periodic table, have been predicted to be semiconducting [1] , metallic, magnetic, half-metallic, [2] superconducting, [3] and some to contain topological surface states [4] depending on their composition. Additionally, many of these compounds can be grown as thin films, have lattice constants near common III-V substrates and contain elements which can be thermally evaporated from effusion cells. [5] This, combined with their wide range of properties, suggests the possibility of creating multifunctional heterostructures by combining Heusler compounds with their similar crystal structures and symmetries; however, their properties depend critically on stoichiometry. [6, 7, 8] The stoichiometry issue has been overcome for some materials systems by utilizing a "growth window" in which the excess amount of a component with a high vapor pressure does not incorporate during molecular beam epitaxy (MBE), such as for the growth of GaAs [9] and PbTiO3. [10] In general, however, Heusler compounds contain two or more low vapor-pressure elements with sticking coefficients close to unity at any reasonable growth temperature. Hence, exact stoichiometry can only be obtained by controlling the individual elemental fluxes very carefully. If the surface reconstruction depends on stoichiometry, it may be possible to use the surface reconstruction and any changes in it to determine and control the relative elemental fluxes to achieve the desired bulk stoichiometry. In-situ reflection highenergy electron diffraction (RHEED) during MBE growth allows for observation of the surface reconstruction, providing real-time feedback.
Previous work on CoTiSb [11] and PtLuSb [12] surfaces has taken advantage of the relatively high vapor pressure of Sb to change the surface reconstruction by varying the substrate temperature and Sb overpressure without varying the bulk stoichiometry, analogous to conventional III-V semiconductors. [13, 14] While the half-Heusler (hH) NiTiSn, a semiconductor with a predicted band gap of around 0.45 eV, [15] contains no similarly high vapor pressure elements, stoichiometry changes may still be reflected in the surface reconstruction. Previously, epitaxial Ni1+xTiSn films have been grown by MBE on MgO(001) substrates. [16] Films with x ≤ 0.25 (Ni1.25TiSn) showed (2×1)/(1×2) RHEED patterns similar to films at 1:1:1 stoichiometry. The (2x1)/(1x2) observed surface reconstruction resulted from a mixture of 90° rotated (2x1) domains due to the 4-fold surface symmetry of the MgO(001) surface. However, for films with x > 0.25 the ½ order streaks disappeared with the electron beam incident in the <110> directions. As the Ni excess increased, the 1 st order streaks also began to disappear in this direction, while the RHEED patterns with the electron beam in the <100> directions appeared unchanged. This is indicative of a change in the surface reconstruction unit cell resulting in a smaller 45° degree rotated surface unit cell. [16] In this work, the relationship between surface reconstructions of NiTiSn(001) films and their stoichiometry with emphasis on changes in the Ti/Sn ratio is presented. In-situ X-ray photoelectron spectroscopy (XPS) and scanning tunneling microscopy (STM) are used to study the chemical and structural properties of these surfaces, leading to proposed models of these surfaces. DFT calculations are performed to understand the changes in surface reconstruction as a function of surface stoichiometry; the resulting stable surface reconstructions are used to match the STM results. Results on the full-Heusler (fH), Ni2TiSn, and Ni1+xTiSn films are also shown and examined further to present a complete picture of surface termination in the Ni-Ti-Sn(001) system.
Experimental
NiTiSn films were grown using MBE in a VG-V80 MBE growth chamber with a base pressure of <1×10 -10 Torr as previously reported. [16, 17] Elemental sources were evaporated from effusion cells at a growth rate of 3×10 16 atoms/cm 2 -hr for each element, corresponding to a growth rate of around 15 nm/hr, on 10 mm ´ 10 mm ´ 0.5 mm MgO(001) substrates from Crystec GmBh. The effusion cell sources were calibrated using Rutherford backscattering spectrometry (RBS) to determine the relationship between actual elemental flux and an ion gauge measurement of the beam equivalent pressure (BEP). This was done by measuring the deposited number of atoms/cm 2 for each element with a number of different cell temperatures for calibration samples grown on Si substrates. For non-stoichiometric films, the Sn flux was held constant, with the Ti BEP being raised ~1% per sample (corresponding to the cell temperature adjusted by 1°C) and the Ni cell flux adjusted by changing its cell temperature to maintain the Ni:(Ti+Sn) ratio of 1:2 (i.e. Ni1+yTi1+2ySn, which is equivalent to NiTi1+δSn1-δ with δ=y/(1+y)). Ni1+xTiSn samples were also grown using a similar process, with the Ni cell flux set as needed while keeping the Ti and Sn fluxes constant. Samples were grown at a substrate temperature of approximately 370 °C as determined by the arsenic desorption temperature of As-capped In0.52Al0.48As/InP(001) test structures. All samples were postgrowth annealed at approximately 450 °C for 15 minutes. Films for transport measurements were then capped with 5 nm AlOx, deposited by e-beam evaporation of Al2O3 at room temperature. The carrier concentration was measured on samples using the Hall effect with annealed indium contacts in the Van der Pauw geometry with magnetic fields up to 5kOe.
For in-situ STM studies, the substrates used were highly conductive n-type doped (>1x10 18 Si/cm 3 ) In0.52Al0.48As/In0.53Ga0.47As/In0.52Al0.48As (50/300/50 nm) structure on n-type InP(001) with an additional 5 nm thick epitaxial GdAs layer all grown by MBE. This GdAs layer acts as a diffusion barrier (similar to the ErAs system) [18] between the NiTiSn and the III-V semiconductor layers. Nickel has been shown to be reactive with III-V semiconductors at viable growth temperatures [19] . The III-V semiconductor structures with the GdAs diffusion barrier were grown in a separate VG V80H III-V system and capped with amorphous arsenic. Samples were then cleaved ex situ and prior to each NiTiSn epitaxial layer sample growth, mounted on STM sample holders using indium and loaded into the interconnected ultra-high vacuum (UHV) growth and characterization system with base pressures <1x10 -10 mbar throughout. The arsenic cap was then thermally desorbed in a transfer chamber immediately prior to growth. The STM measurements of the NiTiSn layers were performed in-situ using an Omicron LT-STM at 77 K.
XPS was also performed in situ by using an interconnected UHV system. An Al Kα source (1486.7 eV) was used to scan a region in binding energy from 450 eV to 900 eV to obtain Ni, Ti, and Sn core level peaks. The XPS spectra were fitted using a convolution of Gaussian and Lorentzian line shapes. To model intensities, the methods outlined by Schultz et al [18] were used, which treats the signal as the sum of N attenuated atomic layer contributions, 
where Ix is the intensity of elemental peak, x, N is the total number of layers, fx is instrumental factors, σx is the cross section, n i x is the atomic density, di is the atomic layer spacing, θ is the angle of incidence (55° in this experiment), and λx,i is the electron mean free path through layer i. Each of these factors are specific to element x and must be calculated separately. To minimize instrumental factors, analysis was done on peak area ratios normalized by the same ratios with the spectra from a NiTiSn surface with a (1x1) surface reconstruction. Electron mean free paths, λ, were calculated using inelastic mean free paths, λIMFP, from the Tanuma, Powell, and Penn [20] and adding the following elastic correction: [21] 
Surface coverages from proposed ball and stick models were used in the model calculations to obtain the relative elemental XPS peak ratios. Changes in Ti and Ni bulk composition were also accounted for in the calculations as needed.
The DFT [22, 23, 24] calculations of surface reconstructions are based on the generalized gradient approximation (GGA) functional of Perdew, Burke and Ernzerhof (PBE) [25] as implemented in the VASP code. [26, 27] The interactions between the valence electrons and ionic cores are treated using the projectoraugmented wave potentials. [28, 29] The electronic structure of bulk NiTiSn is in good agreement with previous studies, [30] with a calculated band gap of 0.45 eV. The surface calculations are performed using a 4x4 slab geometry with 13 atomic layers, with two equivalent top and bottom surfaces, rotated 90° with respect to each other due to symmetry of the underlying NiSn zincblende sublattice, and a vacuum region of 12 Å thick. The integrations over the Brillouin zone were performed using a 2x2x1 mesh of special kpoints, and the energy cut off for plane wave expansion was set to 270 eV. The atoms on the top and bottom four atomic layers were allowed to relax, while the atoms in the middle layers of the slab were fixed to their ideal bulk positions. We focused on the TiSn terminated layer, so the ideal surface contains 16 Ti and 16 Sn atoms. The surface stoichiometry was varied by changing the concentration of Ti atoms on the surface. The stoichiometry in the bulk remained 1:1:1 for Ni, Ti, and Sn atoms. Simulated STM images of the surface reconstructions were visualized using the Hive-STM package [31] .
Results

Half-Heusler Surfaces
Figure 1(a) shows RHEED patterns for NiTi1+δSn1-δ(001) (-0.05≤δ≤0.02) films taken with the electron beam incident along the <100> and <110> directions at 250° C following a post-growth anneal for samples of varying values of δ. A (2×1)/(1×2) surface reconstruction (with the surface unit cell defined with axes along <110>, as is typical for III-V(001) surfaces), which will be referred to as a (2×1) reconstruction, was observed for stoichiometric NiTiSn in agreement with previous results. [17] For Ti excess of >1% (δ > 0.01), the ½ order streaks with the electron beam along <110> disappear and an unreconstructed (1×1) surface reconstruction was observed. For larger Sn excess (δ = -0.03--0.05), ½ order streaks were observed only in the <100> type directions, corresponding to a c(2×2) surface reconstruction. For small amounts of Sn excess (δ = -0.01--0.02), ½ order streaks were observed in both <100> and <110> type directions and will be referred to as a (2×2) surface reconstruction. During these growths, streaks were only visible in either set of directions, with the additional streaks appearing only after the post-growth anneal in the other set of directions. Figure 1 (b) summarizes these patterns in reciprocal space. Figure 2 shows the approximate surface reconstruction phase diagram as a function of Ti composition and substrate temperature. A c(2×4) reconstruction was also observed at low temperatures and slight Ti excess.
To determine systematic effects of off-stoichiometry and to compare RHEED patterns with electronic properties, room-temperature Hall measurements were performed to determine the carrier concentration. Figure 3 shows the carrier concentration as a function of composition. The relative compositions cited throughout are believed to be accurate to 1%. A minimum in the carrier concentration is found for stoichiometric NiTiSn films. For excess Ti, the measured carrier concentration increases sharply, while for Sn excess, the increase appears more gradual.
Figure 4(a) shows XPS scans of the energy region of interest for each of the previously observed half Heusler reconstructions. The Ni 2p, Ti 2p, and Sn 3p peak areas were used to determine relative differences in the surface stoichiometry. Figure 4 (b) shows the measured peak area ratios of Ti 2p/Ni 2p and Sn 3p/Ni 2p as a function of Ti composition (1+δ) in NiTi1+ δ Sn1-δ from these scans. These ratios are normalized by the values for the (1×1) sample. Error bars are estimated from the statistical uncertainty and the uncertainty in the peak area fits, which propagate through as the ratios are taken. Ni/Sn ratio is largely unchanged, with only a slight increase in the c(2×2) and (2×1) reconstructions, while the Ni/Ti ratio increases to 1.20 for the c(2×2) reconstructions and 1.52 for the (2×1) reconstruction. , which is consistent with the c(2×2) surface reconstruction, the (2×1) shows rows running along the <110> directions (Fig 5(b) and Fig 5(e) ). The (2×1) surface also showed regions appearing to transition from a (2×2) to a c(2×4) surface. The reconstructions were measured to have the same 2× spacing of approximately 0.84 nm (twice the surface unit cell side length, equal to V WX √Z * 2). As can be seen in Fig. 5 , there is a good agreement between simulated and measured STM images. Figure 5 (g-i) shows height contour line profiles characteristic of the labeled directions in the STM image. Steps between terraces throughout the sample were intervals of around 0.3 nm, in good agreement with bilayer atomic steps, V WX Z (=0.296 nm). The (2×1) reconstruction contained 40 pm corrugations between rows, while the c(2×2) also had 20 pm corrugations going diagonally along the Ni rows. The c(2×4) surface showed much sharper features, with larger measured depths between dimers ( Fig. 5(i) ).
Full-Heusler Surfaces
Figure 6(a) shows RHEED patterns from a full Heusler Ni2TiSn surface. In comparison with the (1×1) RHEED pattern in Fig. 1 for NiTi1+δSn1-δ, it is clear the RHEED patterns with the electron beam incident along <100> are similar, but incident along <110> are different, with the 1 st order streak in Fig. 1 becoming a ½ order streak in Fig. 6 while also having a reduced intensity. This difference can be explained by two different surface unit cells rotated by 45° with respect to each other, with the one for Ni2TiSn being 1/Ö2 smaller than for a Ti-Sn terminated surface layer. Note that the hH (1x1) unit cell would correspond to a c(2x2) unit cell using this smaller surface unit cell definition, Fig. 6(c) . This is consistent with a Niterminated or a disordered Ti-Sn terminated full Heusler surface. [16] Figure 7 shows the Ni/Ti and Sn/Ti peak area ratios for Ni1+xTiSn films as a function of the bulk film Ni composition, normalized by (1×1) surface reconstruction values. Little change is observed in the Sn/Ti ratio, while the Ni/Ti ratio for fH-like films increases gradually with Ni excess. There is a sharp increase in the Ni/Ti ratio for NiTiSn (001) (x=0 and δ=0) with a (2×1) surface reconstruction. The dashed lines in Fig. 7 correspond to values predicted based on assumptions that an abrupt transition occurred above xNi=1.25 from a hH-like (2x1) to a fH-like surface reconstruction, as observed in RHEED. The two dashed blue lines above xNi=1.25 correspond to Ni/Ti ratios from models either assuming a Ni terminated surface or a Ti-Sn terminated surface of a Heusler film, both with increasingly filled Ni sites (in the case of Nitermination, this top Ni layer is also assumed to be partially filled proportional to the amount of excess Ni). The dotted orange line corresponds to Ni/Ti ratios assuming a Ni terminated fH, which has double the Ni atomic density per atomic layer. Both models account for the additional Ni throughout the bulk film, while the Ni model also adds an additional x/2Ni monolayers (relative to full-Heusler occupation of these sites) of Ni termination to the surface. These models will be discussed in more detail in the discussion section below. Figure 8 shows a filled state STM image of a fH surface. This Ni2TiSn surface has rows running in the <010> directions with a measured row spacing consistent with a smaller, rotated (2×1). These fH reconstruction rows show 10-15 pm deep trenches between rows, much smaller than that measured on the hH surfaces. Other terraces on the surface also showed similar rows but rotated by 90°.
Discussion
The RHEED patterns suggest that the observed surface reconstruction depends strongly on composition (Fig. 1) . For even small amounts of Ti excess (δ > 0.01) in NiTi1+ δ Sn1-δ(001), the ½ order <110> streaks disappeared in the RHEED images, resulting in an unreconstructed (1×1) surface unit cell, while a (2×2) reconstruction was observed for the case with a Ti deficiency of δ = -0.02 and a c(2×2) for δ = -0.05. Some "splitting" of the RHEED streaks in <100> directions was observed for the Ti deficient (δ <0) samples, suggesting some roughening with the formation of corrugations on the surface. [32] The amount of this texture increased with the Ti deficiency (Sn excess, δ<0) and was not observed for stoichiometric or Ti-rich (δ>0) samples. The observed (2×2) surface reconstruction for δ ~ -0.02 is most likely a mixture of c(2×2) and (2×1)/(1×2) reconstructions, as seen in Fig. 1(b) . This particular RHEED pattern was only observed post-growth after annealing and cooling the samples to room temperature. During growth these samples showed either a c(2×2) or a (2×1)/(1×2) reconstruction. The (2×1) surface can also be seen to have a faint set of diagonal lines converging at each ½ order point in the <100> direction, which emerged upon annealing and subsequent cooling. This suggests a transition occurs at lower temperatures, with some amount of roughening also accompanying it.
Room temperature Hall measurements showed minimum carrier density near stoichiometry, with strong dependence on samples with Ti excess (δ>0) and a small dependence for samples with Ti deficiency (Sn excess, δ<0). This may be explained by the ternary phase diagram, which shows a phase field with low mutual solubility between elemental Sn and NiTiSn [33] . Hence, if the excess Sn is expected to phase separate rather than incorporating as an electrically active donor state, this could have a reduced effect at low concentrations on the measured carrier concentration. The samples with the sharpest (2×1)/(1×2) RHEED pattern corresponded to the ones with lowest observed electron concentration, and stoichiometric δ=0 as determined from the RBS calibrations measurements.
To be able to propose atomic models for the different surface reconstructions, the atomic composition of the surface is needed. Figure 4(b) shows the Ni 2p/Ti 2p and Ni 2p/Sn 3p normalized peak area ratios for NiTi1+δSn1-δ films with -0.04≤δ≤0.02. The normalization is made using a sample with the (1×1) surface reconstruction, which is assumed to correspond to a bulk Ti-Sn terminated hH surface. Since the Ni 2p/Ti 2p ratio is more sensitive to δ than the Ni 2p/Sn 3p, it is suggestive that surface reconstructions involve additional adlayers of Ni and Sn on top of a Ti-Sn bulk terminated surface. The XPS data gives information regarding the surface stoichiometry by showing trends in elemental composition and confirming basic assumptions regarding surface termination. The intensity for a specific elemental peak, x, in the XPS spectrum is the solution to an infinite series summation due to the film being much thicker than the photoelectron mean free path, λ: Surface reconstructions add attenuation factors, (αx) m , where m is the number of monolayers, as well as additional intensity terms using eq. (2). The asterisks in Fig. 4(b) are calculated values from these equations assuming a bulk Ti-Sn terminated unit cell, followed by a monolayer of Ni, followed by one additional monolayer Sn on the (2x1)/(1x2) surface, analogous to CoTiSb. [11] This is done by using eq. (5) for the "bulk" signal and adding additional terms in the form of eq. (2), as well as attenuation factors to eq. (5). An additional ½ monolayer of Ti is placed within the top surface layer of the c(2x2) surface (these values come from ball and stick models to be discussed later). These values largely match up well with the observed values and are consistent with the formation of Sn dimers above a layer of Ni. Some XPS peak area ratios change for different reconstructions despite little change in relative composition due to differences in the attenuation term in eq. (5) arising from different kinetic energies (and thus mean free paths).
It is informative to compare the NiTiSn(001) with CoTiSb(001). In the case of CoTiSb it has been suggested that it may be thought of as zincblende CoSb 4with Ti 4+ , which would lead to Co 1and Sb 3-. [34] This leads to electron counting model for stabilization of different surface reconstructions with partial Ti coverage and Sb dimer formation [11] . Following this argument, NiTiSn would correspond NiSn 4stuffed with Ti 4+ , resulting in Ni 0 , Sn 4and Ti 4+ and the surface reconstruction would result from Sn-dimer formation. The (2x1) cell would contain one Sn-Sn dimer bond, two Sn dangling bonds, and four Ni-Sn back bonds. This tetrahedral bonding picture for the p-d hybridized NiSn sublattice is consistent with real space electronic structure calculations. [34] Filling up these bonds requires a total of 2 (Sn dimer) + 8 (Ni-Sn back) + 4 (Sn dangling) + 10 (Ni d10) = 24 electrons per (2×1) cell, assuming that each Sn dangling bond is fully occupied (2 electrons each). For half-filled dangling bonds (1 electron each), 22 electrons would be required. The number of electrons available is 2×4 from Sn in the top layer, 2×4×nTi from Ti in the top layer (nTi is the fractional occupancy of Ti at the surface), and 2× +L Z from Ni in the second layer, where the divide by two is to avoid double counting the Ni atoms. This results in a total of 18 + 8nTi electrons available. Filling the bonds require 2 electrons for the dimer bond, 8 for the Ni-Sn bonds, and 10 for the Ni atoms, for a total of 20 electrons, without accounting for the 2 dangling Sn orbitals. These conditions would be fulfilled for ¾ and ½ Ti occupancy for filled and half-filled dangling bonds, respectively. For CoTiSb the corresponding Ti coverage would be 5/8 and 3/8 for the filled and half-filled dangling bonds [11] , respectively. This arises due the difference in the valence between Sb and Sn and Co and Ni [11] .
The STM images confirm the RHEED results, with Sn-rich films and stoichiometric films showing STM images corresponding to the surface unit cells. The image of the (2×1) surface helps address the issue of the (2×2) transition addressed earlier. The majority of the surface clearly shows a zig-zag structure that would increase the periodicity of the unit cell relative to the highlighted unit cell. It should be noted, however, that the RHEED patterns were only observed down to 200 °C, while STM images were taken at 4 K, and DFT is performed at 0 K. As suggested earlier, even at stoichiometry, a transition from the (2×1) to (2×2) surfaces may still be occurring, but at temperatures lower than observed for the more Sn-rich surfaces. The roughness and disorder of the dimers is likely indicative of an incomplete transition, which may not be possible to complete at higher temperature ramp rates.
By combining the STM images with the XPS results, electron counting and DFT calculations, we propose atomic models for different NiTiSn (001) surface reconstructions ( Fig. 9 ). Figure 9 (a) shows a model for the c(2x2), filling in half of the missing Ti surface sites compared to the (2×1) surface, and with dimers alternating rather than forming rows. On top of a bulk terminated Ti-Sn layer there is a layer of Ni followed by a layer of Sn dimers with half of the Ti sites vacant, which would be consistent with half-filled Sn-dimer dangling orbitals and the higher Ni 2p/Ti 2p ratio in comparison to the (1×1) surface. It is also consistent with the steps observed in the STM images, with larger vertical dips in the <110> direction, appearing to correspond to ½ unit cell (2 atomic layers) deep trenches compared to <100> directions, which would be consistent with ¼ unit cell (1 atomic layer) deep trenches. The model in Figure 9 (b) for the (2×2) surface shows a Sn-dimer structure along columns with an in-plane zigzag structure. There is also sizeable out of plane buckling, ~0.6 Å, of the Sn-Sn dimers on the surface. The top surface is made up of a bulk terminated Ti-Sn layer with a Ni layer, and then a top surface layer consisting of Sn dimers with all of the Ti sites vacant. A (2×1) model would look similar, with reduced buckling in both directions, producing straight dimers that reduce the periodicity of the surface.
The c(2x4) reconstruction appears to be stable at scanning temperatures, with very sharp features. Given the partial coverage of the surface, no XPS data for the surface is available, which limits the ability to determine Ti content in the surface layer. Figure 9 Fig. 5(a) ) are seen. These are potentially due to accumulation and agglomeration of excess Sn on the surface. These features would also not have sufficient surface coverage to be detected by XPS. No significant out of plane buckling of Sn dimers has been observed for c(2x2) and c(2x4) surface reconstructions in the DFT calculations.
The fH surface, shown in Fig. 8(a) , showed rows rather than a square unit cell as previously suggested. While this observed surface reconstruction would only remove 1st order streaks in the [010] direction, other terraces on this surface also showed these rows rotated 90°, which would only remove 1 st order streaks in the [100] direction. The small intensity still present in these streaks is likely the result of the underlying Ti-Sn layer. Height profiles between rows showed much smaller values than between the other dimer rows, suggesting that these perturbations may be electronic in nature, as STM is sensitive to both height and local electron density of states. This combination of domains would still be consistent with a Ni-terminated surface, however with a slightly different structure than previously proposed [16] .
XPS data of Ni-rich samples showed a trend consistent with Ni termination, which, compared to the (1×1) surface, would expect very little change in the Sn/Ti ratios and large increases in the Ni/Ti ratio. The lower of the dotted blue lines in Fig. 8 , corresponding to a Ti-Sn termination, greatly under predicts the Ni signal. The Ni model (upper blue line) does very well for each pure surface, though slightly overpredicts the Ni/Ti ratio in the middle region, in particular not showing a discontinuity during the transition from a Ni-rich (2×1) at xNi=1.25 that is assumed to happen abruptly from the observed RHEED patterns. While the Sn/Ti ratios are in good agreement with calculations throughout, the values are very similar to the (1x1) surface. This would make it hard to use this ratio to distinguish between a purely Ni-terminated surface (like the model assumes) and a film surface also containing areas of Sn-Ti termination, which would decrease the Ni/Ti ratio relative to the model's prediction. Despite this, the XPS data provides further evidence that the fH reconstruction shows Ni termination. This change in termination may likely be present in other fH systems with similar RHEED patterns, such as Co2TiGe [35] and Co2MnSi [36] as well as other related systems [37] .
To summarize these data, Fig. 9 shows ball and stick models for these discussed surfaces. In Fig. 9(a-c) , the Sn-excess is reflected by a Ti-deficient surface in which Sn dimers are formed. The Ti vacancy sites referenced earlier are highlighted by dotted circles (sitting above Sn atoms in a lower layer). These models are generally similar, with a termination in the Ti-Sn plane and Sn dimers. Changes reflect observed differences in dimer structures and Ti content in STM and XPS data. While in the case of 9(b), 
